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ABSTRACT  
 
In this work we studied the host-guest interactions between confined molecules and 
zeolites, and their relationship with the energies involved in the reaction of methylation of 
benzene by methanol in H-ZSM-5 and H-Beta zeolites employing DFT methods and the 
Quantum Theory of Atoms in Molecules. Results show that the strength of the interactions 
related to adsorption and co-adsorption processes are higher in the catalyst with larger 
cavity; however, the confinement effects are higher in the smaller zeolite, explaining from 
an electronic viewpoint the reason why the stabilization energy is higher in H-ZSM-5 than 
in H-Beta. The confinement effects of the catalyst on the confined species for methanol 
adsorption, benzene co-adsorption and the formed intermediates dominate this stabilization. 
For the transition state, the stability of the TS is achieved due to the stabilizing effect of the 
surrounding zeolite framework on the formed carbocationic species (CH3
+) which is higher 
in H-ZSM-5 than in H-Beta. In both TS the methyl cation is multi-coordinated forming the 
following H2O···CH3
+···CB concerted bonds. It is demonstrated that through the electron 
density analysis it can be defined the criteria to discriminate between interactions related to 
the confinement effects and the reaction itself (adsorption, co-adsorption, bond breaking 
and bond forming processes) and thus to discriminate the relative contributions of the 
degree of confinement to the reaction energies for two zeolite catalysts with different 
topologies. 
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1. Introduction 
Zeolites are microporous/nanoporous solids widely used in fine chemicals and 
petrochemicals as heterogeneous catalysts. They possess pores, cavities and channels with 
well-defined molecular dimensions.1 These three-dimensional cavities provide a selective 
environment, in which a chemical reaction occurs. The confinement effect was proposed to 
explain the interactions between the zeolite framework and the adsorbed molecules. It plays 
an important role on adsorption and catalytic properties of zeolites by stabilizing adsorbed 
molecules, intermediates, and transition states. Due to the confinement effects, zeolites can 
be described as solid solvents.2  
Confinement and solvation by van der Waals forces confer remarkable diversity to 
zeolites, in spite of their structural rigidity and their common aluminosilicate composition.3 
Gounder and Iglesia discussed how electrostatic interactions and dispersion forces depend 
on the structure of the zeolitic cavity, its composition, and how confined transition states 
and intermediates are stabilized, and how these interactions influence elementary steps in a 
catalytic cycle.3 However, the authors concluded that a more rigorous assessment of the 
consequences of solvation effects in catalysis and their distinction from weaker effects of 
acid strength is necessary. Additionally, only a small fraction of the large number of 
currently available zeolites is used in practice, reflecting an incomplete knowledge of how 
such structures influence reactivity by solvating intermediates and activated complexes.4   
The confinement effects on zeolites have received much attention over the last years 
and several studies on the role of confinement have been conducted by using several 
methodologies. Among previous research, Gounder and Iglesia studied the confinement 
effect on the selectivity of alkane cracking and dehydrogenation in MOR, MFI, FER and 
USY zeolite pockets.5 Li et al.6 studied the dimensional match between zeolite cavities and 
organic species involved in hydrocarbon pool mechanism. Using geometrical parameters 
and energies at ONIOM (B3LYP/6-1G(d,p):AM1) level they pointed out that the 
differences in reaction barriers and reaction energies are highly related to the different 
confinement effects of zeolite cavities. They studied the interactions related to confinement 
comparing different zeolite cavities, taking into account the closest contacts between 
hydrogen atoms of guest molecules and oxygen atoms of catalyst (Ozeolite⋅⋅⋅Hguest_molecule 
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distances < 3.0 Å) and related them with energy barriers of the reaction. The CHA zeolite 
cavity matches the dimensions of hydrocarbon pool species better than LEV and LTA 
zeolites, so it is able to provide the most suitable confinement to organic species.6  
Likewise, Mazar et al. ascertained the degree of confinement, or “local” dispersion 
energy (ELDE), experienced by species confined inside zeolite cages following a counting 
procedure where they considered distances ranging from rmin (1.9 Å)  to rmax (5.1 Å) 
between the atoms of guest molecule and the catalyst.7 The lower limit (rmin) was chosen so 
that it exceeded all covalent bond lengths while the high value (rmax) ensured the counting 
of all interatomic distances between the species of interest and the zeolite pore wall in the 
most confined case. Then, they identified the number of van der Waals interactions and 
calculated the ELDE of the species of interest by applying the appropriate van der Waals 
coefficients.7 
De Moor and co-workers studied adsorption of alkanes in zeolites and showed that 
smaller pores lead to a tighter fit of adsorbates and thus to stronger adsorption, mainly due 
to higher contributions of the stabilizing van der Waals interactions between the n-alkane 
and the zeolite.8 According to Sacchetto and co-workers, the knowledge of host−guest 
interactions occurring in zeolites could be helpful to improve adsorption properties of these 
materials, thus extending their application fields.9 Using FTIR and SS-NMR spectroscopy 
and computational calculations they showed that interactions between pollutant molecules 
and zeolite cavities play a key role in the adsorption process. 
Recently, Resasco and co-workers revised the importance of confinement effects on 
activity and stability of small oxygenates compounds in the chemistry of coupling reactions 
for biomass conversion on zeolites10 and suggested that the combination of acid strength 
and dispersive forces and confinement near the Brønsted acid site (BAS) is responsible for 
the great diversity of reactivity and selectivity displayed by different zeolites. Moreover, 
Sastre reviewed the relative stability of different intermediates involved in the process of 
methanol-to-olefins in terms of confinement effects in different cage-based zeolites.11 Other 
authors in order to discriminate the confinement effect compared the energy barriers 
between small and larger zeolite models calculated at the same level or compared 
calculations using functionals with and without dispersion terms, and significant 
differences were found when confinement is taken into account.12 
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The previous works cited have reported the study of the confinement effect by using 
different experimental and theoretical methodologies. However, none of them have 
addressed the study of this effect from the viewpoint of analysis of electron charge density 
distribution in order to provide new insights to increase our understanding of the 
confinement effects by solid acid catalysts. 
Our previous studies using small zeolite cluster models have exposed the relevance of 
the information that can be obtained through the topological analysis of electron density 
and its Laplacian on the study of chemical reactions of interest in the zeolite chemistry. For 
example, in a previous work we showed that the most important topological feature in the 
ethene protonation reaction over acidic zeolite is the electron charge density 
redistribution.13 Additionally, we also studied the electron density redistribution, not only 
on the stationary points of these chemical reactions, but also along the intrinsic reaction 
coordinate (IRC) connecting the stationary points and we identified the different regions of 
these chemical reaction in terms of the charge redistribution process.14 In other work, we 
used the topological analysis of the Laplacian of electron density distribution as a tool to 
investigate the stereoelectronic control of chemical reactions.15 These previous studies 
showed that the stabilization and formation of intermediates and transition states, depend 
on the availability of electrons in the zeolite framework. Therefore, electronic availability 
plays a key role to stabilize the formed species.  
Furthermore, from electron density analysis on adsorbed alkenes on acidic zeolite 
model we showed that adsorption energy can be partitioned into two contributions: the 
primary and the secondary contribution.16 The primary and also the principal contribution 
involved few atoms at the zeolite bifunctional acid site (defined as O–H⋅⋅⋅π interaction and 
other C–H⋅⋅⋅O interactions), and the secondary contribution (due to the environment). 
Because the small 5T zeolite cluster model used, only the primary contribution was 
considered, and thus the confinement effects were not calculated. Even so, we showed that 
we can discriminate specific interactions related to the active site of catalyst from the others 
interactions. 
In the present work we study the adsorbate-catalyst interactions between confined 
molecules and zeolites, and their relationship with energies involved in the reaction. The 
Quantum Theory of Atoms in Molecules (QTAIM)17-19 is applied in order to gain a deeper 
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understanding of electronic features that take place in the cavity of the catalyst and its role 
in the effect of confinement. We selected the reaction of methylation of benzene by 
methanol in H-ZSM-5 and H-Beta zeolites as a case study. The main purpose of this work 
is to provide an answer to the following questions: (a) Which interactions are established 
between the zeolite and the guest molecules? (b) What is the nature of these bonding 
interactions? (c) What is the influence of lattice atoms on stabilizing the adsorbed/co-
adsorbed molecules, transition states and intermediates when different zeolites are 
considered? (d) Can the confinement effect be discriminated from the reaction itself and 
rationalized in terms of its relative contribution to the total process?  Methylation reactions 
catalyzed by acidic zeolites are very important in several transformation processes of 
hydrocarbons, as conversion of methanol-to-gasoline (MTG) and methanol-to-olefins 
(MTO) processes.20 Therefore, our results may provide a further insight into the 
confinement effect of zeolite cavities during the MTO conversion.  
 
2. Method and Calculation Details 
In the present work we study the host-guest interactions between catalyst and confined 
molecules and their relationship with energies involved in the reaction. We selected the 
reaction of methylation of benzene by methanol in H-ZSM-5 and H-beta zeolites as a case 
of study. To cover the confinement effect from the zeolite framework, the zeolite catalyst 
has been modeled by a 46T (T = Si and Al tetrahedral sites) for H-ZSM-5 and 52T for H-
Beta quantum cluster model, with an overall composition 
[O3/2SiH]24[OSiH2]12[SiO2]8[O3/2Si(OH)AlO3/2] and 
[O3/2SiH]34[OSiH2]14[SiO2]2[O3/2Si(OH)AlO3/2], respectively.  
  These extended cluster include the cavity that emerged at the channels intersection 
of the catalyst and, therefore local effects (interaction of adsorbates with the Brønsted and 
Lewis sites) and nonlocal effects (van der Waals interactions with the zeolite cavity or 
confinement effects) are taken into account. The active site was positioned at the 
intersection channel because these locations offer maximal available space, result in 
minimal restrictions and has been chosen as the active site for the study of several 
reactions.20-23 We have employed similar cluster model in our previous works on the 
adsorption of acetic acid and methanol on H-Beta.24 
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The geometries of all species were optimized without any constraint, except for the 
terminal H atoms of the zeolite that were held fixed during geometry optimization. The 
M06-2X25-26 density functional and the  6-31G(d,p) basis set were used in all calculations, 
energy calculations using the B3LYP functional were also included for comparison. In 
order to obtain more accurate interaction energies, single point calculations with the 6-
31++G(d,p) basis set were carried out. Previous studies showed that the density functional 
theory using the M06-2X functional provided quite good results compared to functionals 
without dispersion energy terms for study the interaction of organic molecules inside the 
zeolite pores 24, 26-31. 
All stationary points were characterized by calculating the Hessian matrix and 
analyzing the vibrational normal modes. From each optimized geometry, vibrational modes 
were used to obtain zero-point vibrational energies and finite temperature corrections 
required to calculate enthalpies. All calculations were performed with the Gaussian 09 
program.32 
The topological analysis of the electron charge density distribution in the framework 
of atoms in molecules theory (AIM)17-19 has been carried out for the present study. Total 
electron densities were obtained at M06-2X level using a 6-31++G(d,p) basis set, and the 
Gaussian program. The bond and atomic properties were calculated using the AIMAll 
software33. The maps of molecular electrostatic potential (MEP) of the isolated zeolites 
were calculated and drawn with AIMAll program using a 0.001 a.u. electron density 
isosurface. 
The Bader´s net atomic charges were determined on selected atoms. The accuracy of 
the integration over the atomic basin (Ω) was assessed by the magnitude of a function L(Ω), 
which in all cases is less than 10–5 au. for H atoms and 10–4 au. for other atoms. We have 
employed similar QTAIM analysis in our previous works on the reaction of alkenes over 
acidic zeolite. 13-14, 16 
 
3. Results and Discussion 
As far as the mechanism of the zeolite-catalyzed methylation reaction is concerned, 
two different proposals have been advocated in literature: a stepwise route that involves a 
surface-bound methoxy group intermediate, and a concerted mechanism in which 
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physisorbed methanol directly interacts with the species to be methylated.20, 34-35  In this 
work only the concerted mechanism is considered, since experimental kinetic 
measurements are explained by this mechanism.35-36 The confinement effect of different 
zeolite cavities (H-ZSM-5 and H-BETA) are evaluated assuming the same mechanism.  
Figure 1 displays the most stable structures for concerted mechanisms and labels the 
stationary points described in the following discussion. Their corresponding energies are 
collected in Table 1. The transition states explored are carbenium ion-like. Next, we discuss 
the peculiarities of concerted mechanism briefly. 
<Figure 1> 
In the concerted mechanism, MeOH reacts directly with the hydrocarbon in a single 
step to form a methylated product and H2O, thus, protonation and C-C bond formation 
occur simultaneously in one step, and an intermediate is not required as the reaction 
proceeds via coupling of adsorbed methanol on BAS with the species that is being 
methylated.35 The initial step starts with the physisorption of a methanol molecule on the 
Brønsted acid site (BAS) of the zeolite (Fig. 1-a). Subsequently, a second benzene 
molecule is weakly co-adsorbed onto the first one (Fig. 1-b). The next step along the 
reaction coordinate is the transition state that describes the formation of the new C−C bond 
(TS). At the TS, the acidic proton of the zeolite (HZ) has protonated the methanol molecule, 
and the CM−OM bond of methanol is cleaved leading to the formation of a methyl cation 
(CH3
+) and a water molecule. Simultaneously, the positive charge that appears on the 
carbon atom (CM) of methyl cation interacts with a carbon atom (CB) of the π-cloud of the 
benzene, while the new CM-CB bond between the methanol and benzene molecules forms. 
Transition state involves a carbenium ion where the attacking methyl cation is almost 
planar. The transition states are very similar in both catalysts in accordance with other 
authors.20  Then, the formation of the bond between CM and CB gives rise to a 
methylbenzenium ion (intermediate, Fig. 1-d) and a water molecule confined in the zeolite. 
The intermediate ion could deprotonate rapidly, regenerating the BAS of the zeolite. 
Our energy results display similar values than those reported by other authors  with 
similar methodologies.20 The calculated energy for methanol adsorption in H-ZSM-5 is 
close to the experimental value reported as -27.5 kcal mol-1 at 400 K,37 no experimental 
data for methanol adsorption on H-Beta are found in the literature. As we have mentioned 
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earlier, our previous results suggested that the energetic factors are not the only ones to be 
taken into account, when a chemical reaction is studied.13, 15 In this case, the confinement 
effect is of paramount importance (which, in turn, depends on the specific structure of each 
zeolite) and beyond the energetic factors, it is important to consider the role of the weak 
host-guest interactions and their contribution to the total energy involved in the reaction.  
The gas phase reaction versus the adsorption and confinement effects on the reaction 
inside the zeolite cavities could be compared. However, a previous study by Arstad et al. 
concluded that gas-phase schemes (where the acidic zeolite is represented as only one 
proton H+) showed large relative energy differences between neutral and cationic species.38 
Furthermore, it should be emphasized that species obtained in the potential energy surface 
on gas phase reaction will be different from those found inside zeolites, where the 
movement of the guest molecules is restricted due to the influence of  both zeolite pore size 
and shape selectivity. Thus, we propose that these effects can be evaluated through the 
analysis of the electron density distribution. 
 
Molecular Electrostatic Potential 
The use of topological analysis based on electron density distribution and, in 
conjunction with MEP maps provide valuable information about the steric volume, shape, 
and electronic properties of zeolite framework. The electrostatic potential is accordingly an 
effective means of predicting close contacts and noncovalent interactions, where in general, 
regions of positive electrostatic potential tend to interact favorably (at least initially) with 
negative sites and regions of negative electrostatic potential with positive sites.39 MEPs are 
well suited for analyzing processes based on the “recognition” of one molecule by another, 
as in drug–receptor and enzyme–substrate interaction, because it is through their potentials 
that the two species first “see” each other.40 In the same way one could thus argue, that 
MEPs could be of particular interest to predict adsorbate-catalyst interaction mode. 
Figure 2 shows tri-dimensional molecular electrostatic potential maps at the van der 
Waals surface, representing electrostatic potentials superimposed onto a surface of constant 
electron charge density (0.001 e/au.3). The electrostatic potential provides a representative 
measurement of the overall molecular charge distribution. The value of the electrostatic 
potential ranges from – 32.81 kcal mol-1 (deepest red) to + 61.80 kcal mol-1 (deepest blue). 
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From the figure it is clear that the most negative regions (red regions) are localized over the 
oxygen atoms inside the cavity of the catalyst where electron density is concentrated, and 
the most positive region (blue region) is localized over the BAS of zeolite where there is 
low electron density. The high electron density available inside the cavity shows the high 
availability of sites for interaction with electron deficient sites in guest molecules. Thus, it 
is of particular importance to quantify the confinement effect in terms of electron density 
distribution. 
<Figure 2> 
Electron density topology 
 
The topological analysis of electron density, ρ(r), and its Laplacian function, ∇2ρ(r), 
constitutes a powerful tool to investigate the nature of the chemical bonds.17 According to 
the Bader theory, the presence of a bond path (BP) is a universal indicator of the existence 
of a bonding interaction.41 
The molecular graphs of electron density for the most stable structures in both zeolites 
are shown in Figures 3 and 4. From topological electron density calculations, a large 
quantity of bond, ring and cage critical points (CPs) appears. However, only the most 
meaningful bond critical points (BCP) with respect to the reaction and confinement 
phenomena are analyzed and discussed in detail. The topological analysis of these species 
shows the presence of several interactions among organic molecules, as well as among the 
organic molecules and the oxygen atoms of the zeolitic fragment. The BCP and the linking 
bond paths detected among the atoms involved in the reaction site for the three species are 
highlighted. In Tables 2-5, the bond distances and the most relevant topological properties 
of the electron density at the BCP for most stable structures are shown: the electron 
densities [ρ(r)], the Laplacian of the electron density [∇
2ρ(r)], and the total energy density, 
[H(r)].  
<Figure 3>  
<Figure 4> 
The local topological properties at the BCP can be used to describe the strength of a 
bond. In general, the larger the magnitudes of ρ(r), ∇2ρ(r) and H(r), the stronger the bond.17 
Additionally, the sign of the total energy density, defined as the sum of the potential and 
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kinetic energy densities at a critical point is an indicator of covalence in chemical 
interactions.42-44 Thus, negative H(r) values indicate a significant sharing of electrons.  
 
Adsorbed methanol 
Methanol adsorption inside zeolites is a research topic on which several studies, both 
experimental and theoretical, have been reported in the literature.24, 45-53 In the papers 
mentioned above attention was mainly focused on the interaction between the methanol and 
the zeolite acid site. The presence of two hydrogen bonds have been described: the first 
being medium to strong and the second being much weaker. Even though these are the 
main adsorbate-catalyst interactions, due to the nature of the catalyst and the presence of 
several oxygen atoms therein (and large electron density inside the cavity, Fig. 2), we 
postulate that there should be several more framework-guest interactions and thus their 
relationship with adsorption energy should be significant. 
Accordingly, for the QTAIM analysis we partitioned the adsorbate-catalyst system in 
two subsystems: the first one is related to the reaction itself and involves the interactions 
between the adsorbate and the active site of the zeolite [the proton of BAS (HZ) and the 
oxygen (OZ2) of the Al-O-Si bridge]; the second involves interactions between the organic 
molecule and the rest of the oxygen atoms of the catalyst (OZ). 
As it was expected, the topological analysis based on the electron density shows in 
both catalysts the presence of two principal interactions OZ1-HZ···OM and OM-H···OZ2 
between the confined methanol and the active site of the zeolite. In addition, several weak 
interactions with the zeolite walls [denoted as CM-H···OZ and OM-H···OZ] are observed, we 
related the latter to the confinement effects (see Figures 3a and 4a). The nature of these 
interactions can be evaluated through the electron density properties at the BCP (Table 2).  
The topological properties at the BCP in the two main interactions: OZ1-HZ···OM 
[between the proton of hydroxyl group of Brønsted acid site (Hz) and the oxygen atom of 
methanol (OM)]; and OM-H···OZ2 [between the hydrogen atom of hydroxyl group of 
methanol and the OZ2] indicate that these ones are hydrogen bond interactions, HB. 
However, it is interesting to point out that in H-Beta both interactions are stronger than in 
H-ZSM-5. The OZ1-HZ···OM interactions in H-Beta can be considered to be hydrogen 
bonds with very strong strength according to their topological properties (For strong H-
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bonds, ∇2ρ(r) is positive and H(r) is negative, for very strong H-bonds, ∇2ρ(r) is negative 
and H(r) is negative).54 The main interaction related with the adsorption process on the 
zeolite acid site (OZ1-HZ···OM) represents 75 % of total density contribution in H-ZSM-5 
and 80.5 % in H-Beta. 
Concerning the confinement effects, three CM-H···OZ interactions (between the 
hydrogen of methyl group of methanol and oxygen atoms of the framework) are found in 
H-ZSM-5 and four in H-BETA. These interactions show large bond distances (dX···Y > 2.9 
Å) and topological characteristics of very weak closed-shell interactions [ρ(r) < 0.01 u.a.; 
∇
2ρ(r) > 0 and H(r) > 0]. However the presence of several interactions contributes to the 
stabilization of adsorbed methanol. Additionally, the OM-H···OZ interaction (where the 
hydroxyl group of methanol interacts with another oxygen atom of the zeolite) shows larger 
ρ(r) values, ∇2ρ(r) > 0 and  H(r) > 0, being typical values of closed-shell interactions, with 
large bond distances. The contribution of these weak interactions to the confinement effect 
is higher in H-ZSM-5 (representing 13.7 % of the total density) than in H-Beta (12.2 %), 
giving an idea of the effect of the size of the cavity in relation to the confinement effect and 
the adsorption energy. This is reflected in a greater stabilization of confined species within 
the cavity of H-ZSM-5.  
 
Co-adsorbed benzene onto methanol complex 
The next step involves the co-adsorption of benzene onto methanol complex. In this 
case, the topological analysis shows in both catalysts the presence of one principal 
interaction between the confined methanol with the acid site (OZ1-HZ···OM) and another 
interaction between the two confined species (methanol and benzene or guest-guest 
interactions). We related the latter to the co-adsorption of benzene onto adsorbed methanol 
(denoted as CM-H···CB).  
The OZ1-HZ···OM distances are shorter than in methanol adsorption (1.16 vs 1.36 Å in 
H-ZSM-5 and 1.14 vs 1.27 Å in H-Beta) and the interaction is stronger, as it would be 
expected (Table 3). In this case ρ(r) is high, ∇2ρ(r) < 0 and H(r) < 0 shows characteristic of 
shared interaction. The last one suggests that benzene is co-adsorbed on protonated 
methanol, which indicates that the HZ···OM-HM bond of water molecule is already close to 
being formed at this co-adsorption step. 
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It is interesting to note that the benzene molecule is co-adsorbed by an interaction CM-
H···CB type in H-ZSM-5 and, by two interactions CM-H···CB and OM–H···CB in H-Beta. 
The CM-H···CB distances are shorter in H-ZSM-5 than in H-Beta by 0.1 Å, and in both 
complexes the interaction shows characteristic of weak interaction. H(r) values are positive, 
which suggests poor electron sharing between guest-guest molecules. 
In addition, several weak interactions with the zeolite framework are observed, we 
related these last ones to the confinement effects. We can clearly identify four different 
types of interactions: 11 CB-H···OZ interactions in H-ZSM-5 and 8 in H-Beta; 5 OZ···πCC 
in H-ZSM-5 and 4 in H-Beta; 4 CM-H···OZ in H-ZSM-5 and 2 in H-Beta; finally one OM-
H···OZ interaction in H-ZSM-5 (See Figures 3b and 4b). All these interactions show dX···Y 
> 2.4 Å. In both adsorbed complexes the CB-H···OZ, OZ···πCC and CM-H···OZ BCP show 
relatively low values of ρ(r), positive values for ∇2ρ(r) and H(r) > 0, showing 
characteristics of closed shell interactions. It is interesting to highlight that in OZ···π(CC) a 
bond critical point between the O zeolite atom and the middle point of a CC bond of the 
benzene molecule can be found.  
We observe again that the contributions of weak interactions to the confinement effect 
are higher in H-ZSM-5 than in H-Beta (representing 38.9 % of total density in H-ZSM-5 
and 26.3 % in H-Beta). In addition, the stabilization energy is larger in H-ZSM-5 than in H-
Beta indicating that the interactions related to the confinement effects are of great 
importance in the stabilization of the guest molecules in the zeolite pores, as shown by the 
molecular graphs. 
Van der Mynsbrugge and co-workers found that benzene co-adsorption energy is 
larger in H-ZSM-5 (-25.3 kcal mol-1 at B3LYP-D3 level) than H-Beta (-21.98 kcal mol-1 ), 
and it is attributed to a tighter fit of the guest molecules in the H-ZSM-5 zeolite pores or 
more empty space at the active site of H-Beta.20 However, we suggest that this effect is not 
only due to the better fit of the reactant molecule on the zeolite cavity. The analysis derived 
from topological properties of the electron density distribution allows associating each 
interaction with a particular phenomenon of the process, discriminating adsorption from co-
adsorption and from confinement, as well as confinement of benzene from confinement of 
methanol. In other words, these interactions can be rationalized in terms of their relative 
contribution to the total process. Thus, in co-adsorbed complexes, the relative process of 
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the methanol adsorption represents 58.3 % of total electron density contribution in H-ZSM-
5 vs 65.5% in H-Beta, the co-adsorption of benzene 2.8 % in H-ZSM-5 vs 8.1 % in H-Beta 
and the confinement 38.9 % in H-ZSM-5 vs 26.3 % in H-Beta.  
This analysis leads to the following conclusion: the strength of the interactions related 
to adsorption and co-adsorption process is higher in the catalyst with larger cavity; 
however, the confinement effects in the smaller zeolite are higher. From an electronic 
viewpoint this explains why the stabilization energy is higher in H-ZSM-5 than H-Beta, 
and that stabilization is dominated by the confinement effect of the catalyst on the reactant 
species. 
 
Transition states 
In the TS, the key interactions are OM–HZ bond formed (between methanol and the 
acidic proton of the zeolite); CM···OM bond breaking (in methanol) and CM···CB bond 
forming (between the methyl carbocation and benzene), being the latter responsible for the 
new C-C bond in the product (Table 4).  
In both zeolites the size of guest molecules is the same for each step of the reaction 
(See Fig. S2 of supporting information). It can be seen that the stabilization energies are 
greater for adsorbed and co-adsorbed species, as well as for the intermediate in the zeolite 
of small cavity. Additionally in both catalysts, the properties of interactions related to bond 
forming and bond breaking are similar in TS. Nevertheless, differences are observed when 
comparing the magnitudes of the activation energies, where energies are higher for the 
small zeolite. It is interesting to highlight that energy stabilization by the framework is 
particularly important in the transition state. The TS formation involves a rearrangement of 
the electron densities of the π-cloud of benzene in order to be aligned on the methyl 
carbocation, as we showed in our previous work.15  
At the TS the carbon atom of methyl cation (CM) is bonded to five atoms, one carbon 
atom of benzene, an oxygen atom of formed water, and three hydrogen atoms. The most 
interesting features are the relatively short CM···CB and CM···OM distances. The topological 
properties at the CM···CB BCP [ρ(r) = 0.06 au.; ∇
2ρ(r) = 0.03 au.; H(r) < 0] and CM···OM 
BCP [ρ(r) = 0.04 au.; ∇
2ρ(r) = 0.12 au.; H(r) < 0] are indicative of closed shell interactions 
(weak electrostatic or ionic bond) with a covalent character. The CM···CB interaction is 
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stronger than similar C⋅⋅⋅C interaction found at the TS of ethylene dimerization reaction 
over a model of acidic zeolite.15 
The strongest interactions related to the confinement effects on the formed water 
molecule are OM-HZ···OZ1 and OM-H···OZ. The electron density properties at the BCP 
indicate that they are HB interactions, their ρ(r) values are higher than the other 
confinement interactions, showing the importance of water molecule in stabilizing the 
carbenium ion. 
In addition, we found 10 CB-H···OZ interactions in H-ZSM-5 and 13 in H-Beta; 3 
OZ···πCC in H-ZSM-5 (and none in H-Beta); 3 CM-H···OZ in H-ZSM-5 and 2 in H-Beta, 
and finally one CM···OZ. The latter are related to the confinement on the benzene molecule 
and also to the formed methyl cation. Additionally, H⋯OZ interactions are shown involving 
one hydrogen atom from the organic molecule and two (or more) oxygen atoms from the 
zeolite (See Figures 3c-4c). From the electron density properties at the BCPs, the observed 
ranges show that all interactions correspond to closed shell interactions, only the 
interactions related to confinement of water show covalent character [H(r) < 0]. In order to 
give a better comprehension of the adsorbate-catalyst interactions, Figure S3 of supporting 
informations shows a simple scheme of the cavity and interactions found with QTAIM 
methodology for TS in H-ZSM-5. 
The bond breaking and bond forming processes represent 72.5 % of total density in 
H-ZSM-5 and 74.1 % in H-Beta, while 27.7 % and 25.9 % correspond to the confinement 
effect, in H-ZSM-5 and H-Beta, respectively. The difference is related to the confinement 
effect on the methyl cation, where 4.9 % is in H-ZSM-5 and 3.3 % in H-Beta. No 
significant differences are observed on the confinement of benzene and water molecules, in 
accordance with the previous idea of the key role played by the oxygen atoms of the zeolite 
framework on the stability of the carbocation.13-14 The major activation energy observed in 
H-ZSM-5 is due to the fact that the energy is required not only for the bond forming/bond 
breaking, but also to guarantee the proper orientation of benzene molecule, the methyl 
cation and water, in order to allow the interaction that will give rise to the new C−C bond. 
Due to the smaller available space in H-ZSM-5, the energy involved in the TS formation is 
higher in H-ZSM-5 than in H-Beta.  
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In summary, in both TS the methyl cation is multi-coordinated, the following 
H2O···CH3
+···CB concerted bonds are formed. For this step, the stability of the TS is 
achieved owing to the stabilizing effect of the surrounding zeolite framework on the 
carbocationic species (CH3
+) which is higher in H-ZSM-5 than H-Beta. Our results suggest 
the importance of the intermolecular interactions between the organic molecules and the 
walls of the zeolite in stabilizing the transition state. So, these interactions play a key role in 
stabilizing the positive charge of the carbocationic fragment, which is also interacting with 
water and benzene molecules. 
 
Intermediate:  
In the next step of the reaction, the key interactions are CM–CB bond formed; the 
guest-guest interactions (between the intermediate and water molecule) and the interactions 
related to the confinement effects (Table 5). The total electron density considered achieves 
0.4429 u.a. and 0.3903 u.a. for H-ZSM-5 and H-Beta, respectively. 
The formation of CM–CB bond gives rise to the intermediate, then the major 
contribution to the stabilization energy should be the one involved in forming this bond. In 
turn, the intermediate is stabilized by host-guest interactions with the catalyst and guest-
guest interactions with the water molecule formed in the previous step. It can be observed 
that water contributes to stabilizing the charge of the carbocationic intermediate, in which 
the charge is distributed throughout the molecule (the sum of net atomic charge Σq (Ω) in 
intermediate fragment is + 0.98 e in both zeolites). By focusing on the confinement effect, 
we can refer the analysis to the effect on the water molecule and discriminate it from the 
confinement effect on the intermediate itself. 
This intermediate is stabilized by different types of non-covalent interactions as C–
H···OZ [where ρ(r) values range from 0.0145 au. to 0.001 au.; and ∇
2ρ(r) and H(r) values 
are positive] and C···OZ with oxygen atoms of the zeolite [where ρ(r) values range from 
0.013 au. to 0.0026 au.]. Only in H-Beta the basic and acid oxygen atoms of the catalyst are 
involved in these stabilizing interactions. 
The intermediate was found to be destabilized (regarding to the co-adsorbed complex) 
in both zeolites. That is, the reaction energies (Erxn) show that the intermediate is less stable 
than the co-adsorbed complex by about 60 kcal mol-1 in both zeolites. Comparing the 
Page 16 of 38
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
17 
 
energies related to the TS, the stabilization is higher in H-ZSM-5 (18.4 kcal mol-1) than in 
H-Beta (14.4 kcal mol-1). 
In principle, one can observe that the sum of the electron density at the BCP is higher 
in H-ZSM-5 than in H-Beta. The contribution of total electron density to the guest-guest 
interactions (6.8 % in H-ZSM-5 vs 6.8 % in H-Beta), and the contribution to the 
confinement on water molecule (10.6 % in H-ZSM-5 vs 11.8 % in H-Beta) shows similar 
values in both zeolites. However, the contribution related to the newly formed bond is 
higher in H-Beta than H-ZSM-5 (58.7% vs 51.8%). In turn, higher confinement or 
stabilization of intermediate is observed on the zeolite of smaller cavity (30.8 % in H-ZSM-
5 vs 22.7% in H-Beta) as we expected. 
These results suggest the importance of confinement effect in the stabilization of 
carbocationic intermediate. Energy stabilization in H-ZSM-5 is higher than in H-Beta, and 
higher quantity and contribution of the interactions with the oxygen of the cavity are 
observed (20 interactions in H-ZSM5 vs 17 in H-Beta), indicating such interactions 
involved in the stabilization of this intermediate are important. 
 
4. Conclusions   
In the present work we study the adsorbate-catalyst interactions between confined 
molecules and zeolites, and their relationship with energies involved in the reaction of 
methylation of benzene by methanol in H-ZSM-5 and H-Beta zeolites. The Quantum 
Theory of Atoms in Molecules was applied in order to gain a deeper understanding of 
electronic features that take place in the cavity of the catalyst and their role in the 
confinement effect. 
The topological analysis of species involved in the reaction showed the presence of 
several interactions among organic molecules, as well as between the organic molecules 
and the oxygen atoms of the zeolitic fragment. Through the analysis of the electron density 
distribution we discriminated between interactions related to confinement effect and the 
reaction itself (adsorption, co-adsorption, bond breaking and bond forming processes). Our 
results show that the electron density analysis of host-guest interactions between organic 
species and two zeolite catalysts with different topologies provide valuable information 
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about the confinement effect and its relationship with the energetic parameters of the 
reaction. 
In methanol adsorption, the main OZ1-HZ···OM interaction related with the adsorption 
process on the zeolite acid site represents 75 % of total density contribution in H-ZSM-5 
and 80.5 % in H-Beta. And weak interactions related to the confinement effect signifies 
13.7 % in H-ZSM-5 and 12.2 % in H-Beta, demonstrating the effect of the size of the cavity 
in relation to the confinement effect and the adsorption energy. This is reflected in a greater 
stabilization of confined species within the cavity of H-ZSM-5.  
In the co-adsorption process, the strength of the interactions related to adsorption and 
co-adsorption process is higher in the catalyst with larger cavity. However, the confinement 
effects are higher in the smaller zeolite, explaining from an electronic viewpoint the reason 
why the stabilization energy is higher in H-ZSM-5 than H-Beta. In this step, the 
stabilization is dominated by the confinement effect of the catalyst on the reactant species. 
In TS the methyl cation is multi-coordinated, the following H2O···CH3
+···CB 
concerted bonds are formed. For this step, in both catalysts the properties of interactions 
related to bond forming and bond breaking are similar and, insignificant differences on the 
confinement of benzene and water molecules are observed. Thus, the stability of the TS is 
achieved due to the stabilizing effect of the surrounding zeolite framework on the 
carbocationic species (CH3
+) which is higher in H-ZSM-5 than in H-Beta. However, the 
energy involved in the TS formation is smaller in H-Beta than in H-ZSM-5 due to the 
higher available space in the largest cavity that guarantees the proper orientation of 
benzene, methyl cation and water, in order to allow the interaction that will give rise to the 
new C−C bond. 
In the intermediate, the major contribution to the stabilization energy is related to the 
newly formed CM–CB bond, and is higher in H-Beta than in H-ZSM-5. In turn, the 
intermediate is stabilized by guest-guest interactions with the water molecule formed in the 
previous step and host-guest interactions with the catalyst. The last ones related with the 
confinement effect show higher confinement or stabilization of intermediate on the zeolite 
of smaller cavity. 
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Summing up, our results showed that the analysis of electron density distribution 
could be used for providing new insights for the understanding of confinement effects 
inside zeolite cavities 
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Supporting Information may be found in the online version of this article. 
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Figure captions  
 
Figure 1. (a) Adsorbed methanol, (b) co-adsorbed benzene onto methanol complex, (c) TS 
for methylation of benzene by methanol and (d) intermediate, in H-ZSM-5 and H-Beta 
zeolites. 
Figure 2. Molecular electrostatic potential on the 0.001 au. electron density isosurface for 
H-ZSM-5 and H-Beta zeolite. The red and blue colors indicate negative and positive 
regions, respectively, varying between – 32.81 kcal mol-1 and + 61.80 kcal mol-1. The 
molecular graphs of ρ(r) is also observed. 
Figure 3. Molecular graphs for: (a) adsorbed methanol, (b) co-adsorbed benzene onto 
methanol complex, (c) TS for methylation of benzene by methanol and (d) intermediate in 
H-ZSM-5 zeolite. Big circles correspond to attractors attributed to nuclei, lines connecting 
the nuclei are the bond paths and the small red circles on them are the bond critical points 
(BCP). Terminal H atoms of Si-H bonds in the zeolite; ring and cage critical points were 
omitted for clarity. 
 
Figure 4. Molecular graphs for: (a) adsorbed methanol, (b) co-adsorbed benzene onto 
methanol complex, (c) TS for methylation of benzene by methanol and (d) intermediate in 
H-Beta zeolite. Big circles correspond to attractors attributed to nuclei, lines connecting the 
nuclei are the bond paths and the small red circles on them are the bond critical points 
(BCP). Terminal H atoms of Si-H bonds in the zeolite; ring and cage critical points were 
omitted for clarity. 
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Table 1. Adsorption and coadsorption energies (Eads and Ecoads ), energies corrected by ZPE (Eads+zpe and Ecoads+zpe), adsorption enthalpies (∆H°), 
activation energies (Ea), activation enthalpies (∆H
≠
°), and reaction energies (Erxn) in (kcal mol
-1).  
 
Methanol
 a)
  Co-adsorbed Benzene  TS  Intermediate 
 
Eads Eads+zpe ∆H°(298K)  Ecoads Ecoads+zpe ∆H°(298K)  Ea Ea+zpe ∆H
≠
°(298K)  Erxn Erxn+zpe ∆Hrxn°(298K) 
H-ZSM-5 
   
            
B3LYP/6-31G(d) -28.11 -27.16 -27.33   -3.8  -3.48  -2.86  36.05 35.91 35.78  18.96 18.87 18.99 
M06-2X/6-31G(d) -32.71 -32.21 -32.42  -17.45 -17.75 -17.20  40.34 40.85 40.70  21.95 22.24 22.34 
SP M06-2X/6-31++G(d,p)b) -31.84 -31.35 -31.55  -19.38 -19.68 -19.38  40.73 41.27 41.14  22.07 22.36 22.46 
                
H-Beta 
   
            
B3LYP/6-31G(d) -25.07 -24.48 -24.61    -3.33   -2.65  -1.94  32.01 32.11 31.71  16.39 20.72 20.77 
M06-2X/6-31G(d) -28.98 -28.75 -29.00  -14.88 -13.85 -13.54  36.88 37.10 36.98  22.50 21.97 22.44 
SP M06-2X/6-31++G(d,p) b) -27.57 -27.34 -27.59  -16.70 -15.36 -15.67  37.24 37.49 37.37  21.32 20.79 21.26 
a Experimental value of -27.5 kcal mol-1 for methanol adsorption on H-ZSM-5 from reference 37. 
b
 The SP calculations were approximated to 298 K, by using the ZPE and thermal corrections of the lower level M06-2X/6-31G(d) calculations. 
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Table 2: Bond Distance (Å) and Local Topological Properties (au.) of the Electronic 
Charge Density Distribution Calculated at the Position of the Bond Critical Points for 
Adsorbed methanol in H-ZSM-5 and H-Beta zeolites. a, b)  
  Interaction dX···Y ρ(r) ∇
2ρ(r) H(r) 
H-ZSM-5      
Adsorption OZ1-HZ···OM  1.36 0.1100 0.0148 –0.0690 
OM-H···OZ2 2.24 0.0167 0.0600 0.0004 
Confinement OM-H···OZ 2.26 0.0128 0.0426 0.0001 
CM-H···OZ  2.94 0.0038 0.0153 0.0009 
CM-H···OZ  2.97 0.0034 0.0139 0.0008 
H-Beta      
Adsorption OZ1-HZ···OM  1.27 0.1423 –0.2090 –0.1359 
 OM-H···OZ2 2.14 0.0196 0.0679 –0.0001 
Confinement OM-H···OZ 2.42 0.0084 0.0328 0.0008 
 CM-H···OZ  2.90 0.0042 0.0172 0.0009 
 CM-H···OZ  3.14 0.0021 0.0097 0.0007 
 CM-H···OZ  4.18 0.0002 0.0009 0.0001 
a) The electron density [ρ(r)], the Laplacian of electron density [∇2ρ(r)], and the total energy density, [H(r)] in au. 
b) To identify the atoms and interactions, see the text and Figures 3 and 4 
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Table 3: Bond Distance (Å) and Local Topological Properties (au) of the Electronic 
Charge Density Distribution Calculated at the Position of the Bond Critical Points for 
Co-adsorbed Benzene onto Methanol Complex in H-ZSM-5 and H-Beta Zeolites. a, b) 
  Interaction dX···Y ρ(r) ∇
2ρ(r) H(r) 
H-ZSM-5     
Adsorption (methanol) OZ1-HZ···OM  1.16 0.1875 –0.5847 –0.2303 
Co-adsorption (benzene) CM-H···CB  2.64 0.0089 0.0286 0.0011 
Confinement (benzene) CB-H···OZ  2.48 0.0106 0.0384 0.0010 
 CB-H···OZ  2.56 0.0087 0.0315 0.0009 
CB–H···OZ  2.58 0.0086 0.0319 0.0011 
CB–H···OZ  2.67 0.0072 0.0271 0.0010 
CB–H···OZ  2.69 0.0060 0.0224 0.0008 
CB–H···OZ  2.73 0.0055 0.0209 0.0008 
CB–H···OZ  2.78 0.0067 0.0244 0.0010 
CB–H···OZ  2.78 0.0067 0.0244 0.0010 
CB–H···OZ  2.84 0.0059 0.0216 0.0010 
CB–H···OZ  2.90 0.0055 0.0188 0.0009 
CB–H···OZ  2.91 0.0054 0.0203 0.0010 
OZ···πCC  3.20 0.0070 0.0221 0.0007 
OZ···πCC  3.32 0.0057 0.0184 0.0007 
OZ···πCC  3.41 0.0049 0.0159 0.0007 
OZ···πCC  3.44 0.0047 0.0151 0.0006 
OZ···πCC  3.52 0.0042 0.0135 0.0006 
Confinement (methanol) CM–H···OZ  2.84 0.0041 0.0172 0.0009 
CM–H···OZ  3.41 0.0012 0.0053 0.0004 
CM–H···OZ  3.58 0.0010 0.0044 0.0003 
CM–H···OZ  3.62 0.0008 0.0035 0.0003 
  OM–H···OZ 2.17 0.0144 0.0436 0.0003 
H–Beta       
Adsorption (methanol) OZ1–HZ···OM  1.14 0.1999 –0.6762 –0.2536 
Co–adsorption (benzene) OM–H···CB  2.24 0.0164 0.0444 0.0005 
 CM–H···CB  2.74 0.0084 0.0269 0.0013 
Confinement (benzene) CB–H···OZ  2.46 0.0095 0.0319 0.0005 
 CB–H···OZ  2.49 0.0097 0.0342 0.0008 
 CB–H···OZ  2.75 0.0057 0.0229 0.0010 
 CB–H···OZ  2.76 0.0056 0.0221 0.0010 
 CB–H···OZ  2.86 0.0057 0.0214 0.0011 
 CB–H···OZ  2.95 0.0043 0.0162 0.0008 
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 CB–H···OZ  2.95 0.0045 0.0171 0.0009 
 CB–H···OZ  3.35 0.0014 0.0063 0.0005 
 OZ···πCC  3.05 0.0095 0.0347 0.0013 
 OZ···πCC  3.25 0.0071 0.0215 0.0006 
 OZ···πCC  3.32 0.0056 0.0200 0.0008 
 OZ···πCC  3.64 0.0029 0.0115 0.0006 
Confinement (methanol) CM–H···OZ  2.53 0.0085 0.0300 0.0008 
 CM–H···OZ  4.20 0.0002 0.0009 0.0001 
a) The electron density [ρ(r)], the Laplacian of electron density [∇2ρ(r)], the local potential energy density, [V(r)], the 
local kinetic energy density [G(r)], and the total energy density, [H(r)] in au. 
b) To identify the atoms and interactions, see the text and Figures 3 and 4 
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Table 4: Bond Distance (Å) and Local Topological Properties (au) of the Electronic 
Charge Density Distribution Calculated at the Position of the Bond Critical Points for 
Transition States of Methylation of Benzene by Methanol in H–ZSM–5 and H–Beta 
Zeolites. a, b) 
 Interaction dX···Y ρ(r) ∇
2ρ(r) H(r) 
H–ZSM–5      
Bond forming CM···CB 2.08 0.0634 0.0382 –0.0179 
Bond breaking CM···OM 2.17 0.0428 0.1289 –0.0020 
Bond formed OM–HZ 0.98 0.3421 –2.0714 –0.5827 
Confinement (H2O) OM–HZ···OZ1 1.99 0.0231 0.0758 –0.0005 
OM–H···OZ 2.11 0.0171 0.0516 –0.0005 
 OM···OZ 3.00 0.0107 0.0426 0.0011 
Confinement (benzene) CB–H···OZ  2.34 0.0128 0.0420 0.0004 
CB–H···OZ  2.50 0.0101 0.0359 0.0009 
CB–H···OZ  2.57 0.0088 0.0320 0.0010 
CB–H···OZ  2.59 0.0076 0.0271 0.0008 
CB–H···OZ  2.72 0.0065 0.0254 0.0011 
CB–H···OZ  2.75 0.0056 0.0215 0.0010 
CB–H···OZ  2.79 0.0061 0.0233 0.0010 
CB–H···OZ  2.84 0.0057 0.0213 0.0010 
CB–H···OZ  2.88 0.0045 0.0184 0.0010 
CB–H···OZ  3.13 0.0028 0.0112 0.0007 
OZ···πCC  3.00 0.0098 0.0345 0.0011 
OZ···πCC  3.15 0.0074 0.0249 0.0008 
OZ···πCC  3.60 0.0030 0.0108 0.0006 
Confinement (methyl 
cation) CM–H···OZ  2.17 0.0195 0.0626 –0.0001 
CM–H···OZ  2.59 0.0068 0.0254 0.0009 
CM–H···OZ  3.02 0.0040 0.0155 0.0009 
H–Beta 
Bond forming CM···CB 2.05 0.0678 0.0309 –0.0212 
Bond breaking CM···OM  2.20 0.0406 0.1263 –0.0014 
Bond formed OM–HZ 0.98 0.3444 –2.0663 –0.5837 
Confinement (H2O) OM–H···OZ 1 1.96 0.0237 0.0758 –0.0005 
OM–H···OZ  2.12 0.0168 0.0513 –0.0005 
 OM···OZ  2.93 0.0118 0.0438 0.0008 
Confinement (benzene) CB–H···OZ  2.37 0.0126 0.0418 0.0005 
 CB–H···OZ  2.49 0.0100 0.0357 0.0009 
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 CB–H···OZ  2.55 0.0084 0.0290 0.0007 
 CB–H···OZ  2.58 0.0074 0.0268 0.0008 
 CB–H···OZ  2.67 0.0076 0.0280 0.0011 
 CB–H···OZ  2.69 0.0071 0.0272 0.0011 
CB–H···OZ  2.73 0.0075 0.0278 0.0012 
CB–H···OZ  2.75 0.0051 0.0199 0.0009 
CB–H···OZ  2.95 0.0036 0.0154 0.0009 
CB–H···OZ  3.21 0.0024 0.0099 0.0006 
CB–H···OZ  3.28 0.0017 0.0072 0.0005 
CB–H···OZ  3.29 0.0016 0.0070 0.0005 
CB–H···OZ  3.58 0.0011 0.0041 0.0003 
Confinement (methyl 
cation) CM–H···OZ  2.36 0.0118 0.0381 0.0002 
CM–H···OZ  2.52 0.0086 0.0311 0.0009 
CM···OZ 3.04 0.0100 0.0397 0.0014 
a) The electron density [ρ(r)], the Laplacian of electron density [∇2ρ(r)], and the total energy density, [H(r)] in au. 
b) To identify the atoms and interactions, see the text and Figures 3 and 4 
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Table 5: Bond Distance (Å) and Local Topological Properties (au) of the Electronic 
Charge Density Distribution Calculated at the Position of the Bond Critical Points for 
intermediate specie in H–ZSM–5 and H–Beta Zeolites. a, b) 
  Interaction dX···Y ρ(r) ∇
2ρ(r) H(r) 
H–ZSM–5           
Bond formed CM–CB 1.54 0.2293 –0.4903 –0.1800 
Guest–guest CB···OM 2.62 0.0180 0.0581 0.0007 
Guest–guest CM–H···OM  2.36 0.0122 0.0453 0.0011 
Confinement (water) OM–HZ1···OZ1 1.96 0.0238 0.0792 –0.0003 
OM–H···OZ  2.15 0.0155 0.0476 –0.0004 
OM···OZ2 3.19 0.0076 0.0297 0.0010 
Confinement (intermediate) CM···OZ 3.04 0.0083 0.0334 0.0013 
CB···OZ 3.12 0.0082 0.0282 0.0009 
CB···OZ 3.21 0.0061 0.0224 0.0010 
CB···OZ 3.72 0.0026 0.0091 0.0005 
CB–H···OZ  2.28 0.0145 0.0507 0.0007 
CB–H···OZ  2.41 0.0108 0.0375 0.0007 
CB–H···OZ  2.51 0.0101 0.0377 0.0011 
CB–H···OZ  2.57 0.0090 0.0341 0.0012 
CB–H···OZ1  2.60 0.0083 0.0301 0.0009 
CB–H···OZ  2.64 0.0084 0.0315 0.0012 
CB–H···OZ  2.65 0.0071 0.0271 0.0011 
CB–H···OZ  2.68 0.0063 0.0241 0.0009 
CB–H···OZ  2.76 0.0049 0.0193 0.0009 
CB–H···OZ  2.87 0.0051 0.0193 0.0010 
CB–H···OZ  3.14 0.0024 0.0099 0.0007 
CB–H···OZ  3.33 0.0016 0.0066 0.0005 
CM–H···OZ  2.49 0.0100 0.0343 0.0008 
CM–H···OZ  2.72 0.0071 0.0254 0.0011 
CM–H···OZ  3.13 0.0033 0.0129 0.0007 
CM–H···OZ  3.15 0.0023 0.0098 0.0007 
H–Beta 
Bond formed CM–CB 1.54 0.2292 –0.4894 –0.1800 
Guest–guest CB···OM 2.92 0.0117 0.0397 0.0009 
Guest–guest CM–H···OM  2.28 0.0148 0.0519 0.0008 
Confinement (water) OM–HZ…OZ1 1.93 0.0245 0.0785 –0.0002 
OM–H···OZ  2.28 0.0117 0.0379 0.0001 
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OM···OZ2 3.03 0.0098 0.0360 0.0008 
Confinement (intermediate) CB···OZ2 2.79 0.0132 0.0502 0.0016 
CB···OZ1 3.05 0.0096 0.0326 0.0010 
CB–H···OZ  2.46 0.0094 0.0313 0.0005 
CB–H···OZ  2.61 0.0073 0.0263 0.0008 
CB–H···OZ  2.64 0.0078 0.0301 0.0012 
CB–H···OZ  2.75 0.0054 0.0203 0.0009 
 CB–H···OZ  2.77 0.0050 0.0193 0.0009 
CB–H···OZ  2.80 0.0048 0.0194 0.0010 
CB–H···OZ  2.83 0.0058 0.0227 0.0011 
CB–H···OZ  2.94 0.0046 0.0180 0.0010 
CB–H···OZ  3.19 0.0023 0.0096 0.0007 
CB–H···OZ  3.44 0.0010 0.0047 0.0004 
CB–H···OZ  3.50 0.0011 0.0047 0.0004 
CM–H···OZ  2.73 0.0061 0.0218 0.0009 
CM–H···OZ  3.02 0.0035 0.0139 0.0008 
CM–H···OZ  3.50 0.0011 0.0047 0.0004 
CM–H···OZ  3.75 0.0007 0.0029 0.0003 
a) The electron density [ρ(r)], the Laplacian of electron density [∇2ρ(r)], and the total energy density, [H(r)] in au. 
b) To identify the atoms and interactions, see the text and Figures 3 and 4 
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Figure 1. 
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Figure 2. 
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Figure 3. 
 
Page 36 of 38
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 
 
 37
Figure 4. 
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